We characterized the role of potential cAMP-responsive elements (CRE) in basal and in induced angiotensin converting enzyme (ACE) gene promoter activity in order to shed light on the regulation of somatic ACE expression. We identified stimulators and repressors of basal expression between 122 and 288 bp and between 415 and 1303 bp upstream from the transcription start site, respectively, using a rabbit endothelial cell (REC) line. These regions also contained elements associated with the response to 8BrcAMP. When screening for CRE motifs we found pCRE, a proximal sequence between 209 and 222 bp. dCRE, a distal tandem of two CRE-like sequences conserved between rats, mice and humans, was detected between 834 and 846 bp. Gel retardation analysis of nuclear extracts of REC indicated that pCRE and dCRE bind to the same protein complexes as bound by a canonical CRE. Mutation of pCRE and dCRE in REC established the former as a positive element and the latter as a negative element. In 293 cells, a renal cell line, pCRE and dCRE are negative regulators. Co-transfection of ATF-2 or ATF-2 plus c-Jun repressed ACE promoter activity, suggesting that the ACE gene is controlled by cellular stress. Although mapping of cAMP responsiveness was consistent with roles for pCRE and dCRE, mutation analysis indicated that they were not required for cAMP responsiveness. We conclude that the basal activity of the somatic ACE promoter is controlled by proximal and distal CREs that can act as enhancers or repressors depending on the cell context.
Introduction
Angiotensin converting enzyme (ACE) expression in cultured cells is modulated by hormones, ionophores, second messengers, and growth factors (1) (2) (3) (4) (5) . The flexibility of modulation suggested by these properties supports the notion of regulated ACE expression. However, little information is available about the molecular mechanisms of constitutive and stimulated ACE synthesis, indicating that fundamental mechanisms of ACE gene expression are not known. Given the importance ascribed to ACE in cardiovascular regulation and in other processes, information about ACE gene regulation should be useful to understand several pathological processes such as myocardial ischemia-reperfusion (6) and chronic inflammatory diseases such as sarcoidosis in which ACE is thought to play a role (7) .
One of the most consistent stimulators of ACE activity and ACE mRNA expression is the cyclic AMP (cAMP)-dependent signaling pathway. cAMP analogues, adenylyl cyclase activators (forskolin) and agents acting through the beta adrenergic signal transduction pathway induce ACE activity and ACE mRNA expression in intact animals and in cell culture (8) (9) (10) . Transduction of the intracellular cAMP signal is often performed by cAMP responsive element (CRE) genetic pathways. CRE pathways are activated upon phosphorylation of transcription factors bound to the prototypical CRE nucleotide sequence, TGACGTCA, or to its variants located in regulatory regions of target genes (11) . Interestingly, non-canonical CREs mediate either cAMP responsiveness or regulation by distinct signaling pathways. In fact, CRE-like sequences often conserve the ability to bind transcription factors traditionally associated with cAMP signaling, while simultaneously binding other classes of transcription factors. Therefore, CRE-like sequences may confer multiple control possibilities to a regulatory region, integrating different signaling inputs (12, 13) .
We have shown that increases in intracellular cAMP levels induced by stimulation of ß-adrenergic receptors, activate transcription by the rat 1303-bp somatic ACE promoter in rabbit endothelial cells (REC) (10) . Here we demonstrate that cAMP activates the CRE pathway but not the AP2 pathway, an alternative route for cAMP regulation. This suggests that CRE participates in the regulation of the ACE gene in endothelial cells. We performed mutational and gel retardation analysis of the 5' flanking region of the ACE gene to assess the role of CRE regulation in basal as well as in cAMP-induced activity of the ACE promoter. We report evidence that the basal activity of the ACE promoter in endothelial cells is controlled by both proximal and distal CRE-like sequences that display positive and negative regulatory activity, respectively. Interestingly, these CRElike sequences did not participate in the stimulation by 8BrcAMP, indicating that the ACE gene uses a different set of regulators to respond to cAMP. Thus, our data indicate that the basal regulation of ACE promoter activity is complex and suggest that the ACE gene is a target for signal transduction pathways that use CRE-like sequences, but do not operate through the classic mechanisms utilized by cAMP.
Material and Methods

Material
Cell culture materials and media were from Gibco/Invitrogen (Carlsbad, CA, USA). 8BrcAMP was purchased from Sigma (St. Louis, MO, USA). Cell lysis buffers and the luciferase assay system were from Promega (Madison, WI, USA). The ß-galactosidase and renilla luciferase assay systems were from Tropix/Perkin Elmer (Boston, MA, USA) and Promega, respectively.
Plasmids and plasmid constructions
The 1303-bp ACE promoter (-1274/+29), a positive control for CRE stimulation (CRETK) and a negative control for AP2 stimulation (TATALUC) have been described (10, 14) . Deletion mutants covering wide regions of the 5' ACE region were synthesized by restriction enzyme digestion. The 122-bp ACE promoter was synthesized by a standard PCR. The PCR fragment was digested with Sac-I and Nhe-I and subcloned into the pGL2 basic luciferase vector (Promega). A negative control for cAMP stimulation, the thymidine kinase (TK) promoter construct, was prepared by removing 4 tandem repeats of CRE from pTKCAT4CRE (15) and also by subcloning pTKCAT4CRE into pGL2. We synthesized a series of hybrid ACE-TK constructs to identify potential cAMP responsive sequences between the 1303-and 228-bp nucleotides of the ACE promoter. A Kpn-I/Sac-I fragment containing ACE promoter sequences from 1281 to 228 bp was subcloned upstream from TK, generating the construct ACE1281-288-TK. Further deletion mutants, ACE1120-228-TK and ACE415-228-TK, were obtained by restriction enzyme digestion. The ACE845-228-TK construct was synthesized by Pfu PCR. The PCR fragment was digested with Nhe-I and Bgl-II and subcloned into pGL2. A positive control for AP2 stimulation (AP2LUC) was constructed by subcloning a Sal-I/Bgl-II fragment from A2BCAT4 (16) containing three tandem repeats of a 19-bp hMtIIa AP2-binding site fused to the adenovirus E1b tata box, into pGL2. pact-CRE-BP1/ATF-2 (15) was a gift from Dr. Shunsuke Ishii, Laboratory of Molecular Genetics, RIKEN, Tsukuba, Ibaraki, Japan. The c-Jun and c-Fos expression vectors (17) were provided by Dr. Moshe Yaniv, Gene Expression and Disease Unit, Department of Developmental Biology, Pasteur Institute, Paris, France.
Mutagenesis
Mutant ACE promoters mdCRE, mpCRE and mdCREpCRE, each respectively harboring Bgl-II sites (AGATCT) in place of dCRE, pCRE or both, were synthesized using extension of mutated oligonucleotides mdCRE, 5'AGTGTGGAGACCAGATCTA GATCTAAGCCGATCTGTCTCAGG3', mpCRE AGCGAGAGCTCGACCAGATC TCATCCTTCCACCC by a Pfu PCR and subsequent digestion of the 1303 ACE promoter plasmid template by Dpn-I with a mutagenesis kit from Stratagene (La Jolla, CA, USA). Mutated constructs were selected by restriction analysis and confirmed by sequencing.
Transient transfections
REC cells (18) or human renal embryonic cells (293; Invitrogen) were grown in 12-or 24-well plates on F12 medium (F12 Coon's modification) or DMEM, respectively, and supplemented with 10% fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin). Before reaching confluence, REC and 293 were transfected (16-24 h) with 3.25 µg of luciferase reporter plasmids and 0.48 µg of a control plasmid (pSV-ß-galactosidase; Promega) per well by the calcium phosphate method (19) . Experiments employing expression vectors were performed with transfection of 1.78 µg of luciferase reporter plasmids, 0.48 µg of LTR-ß-galactosidase and 0.48 µg of each expression vector per well. Thus, we used the same amounts of DNA for each expression vector when they were co-transfected. Total DNA was maintained at 3.73 µg per well by manipulating the amount of pBluescript SK+ (Stratagene).
cAMP treatment
Prior to stimulation, transiently transfected cells were serum-starved for 16-24 h on F12 supplemented with 0.5% FBS. 8BrcAMP was then administered to cells at a concentration of 5 mM for 4 h (10).
Enzyme assays
Luciferase and ß-galactosidase were measured in cell extracts from transient transfections with a model 2010 Monolight luminometer, Analytical Luminescence Laboratory (San Diego, CA, USA) according to the manufacturer's instructions.
Gel shift binding assay
Nuclear proteins of REC were extracted according to established protocols (20) . Binding of REC nuclear extracts to DNA was assayed by gel retardation analysis (20) . The DNA used in these experiments was obtained by synthesis of complementary oligonucleotides representing the ACE promoter sequences of 796 to 776 bp (TGTGGA GACCTGAGGTGACTTGAAG), 199 to 174 bp (GAGCTCGACCTAACCTCATCC TTCCA) and oligonucleotides containing the canonical CRE (AGAGATTGCCTGACGT CAGAGAGCT). Protein-DNA complexes were visualized by labeling DNA with 32 P by a filling-in reaction using Klenow polymerase.
Sequence alignment and promoter
Rat, mouse (M34433), rabbit (M58580), and human (M34434) ACE promoters were aligned with CLUSTAL W at http:// transfac.gbf.de/. Detection of transcription factor binding sites was performed with MatInspector public domain software at http:/ /genomatix.gsf.de/free_services/.
Data presentation
Luciferase activity in extracts of transiently transfected cells was normalized for ß-galactosidase activity or renilla luciferase in order to control for differences in transfection efficiency. Data are reported as means ± SEM. Unless otherwise stated, data are reported as variation from control values. Where appropriate, results were analyzed by one-way analysis of variance. Statistical significance was set at P < 0.05.
Results
ACE promoter regions associated with basal and cAMP-induced regulation
To investigate the role of CRE-like sequences in basal and cAMP-induced regulation of the ACE gene we first determined promoter regions containing potential regulators and then screened these sites for the presence of CRE-like motifs.
We transfected REC cells with luciferase constructs representing a nested set of fragments from the 5' regulatory region of the rat somatic ACE gene. The fragments contained 122, 228, 415, and 1303 bp (21) . Luciferase expression from the 122-bp promoter was the smallest. Significant increases in luciferase expression were detected with 228-and 415-bp promoter fragments, suggesting the presence of positive regulatory sequences between 122 and 228 bp, as well as between 228 and 415 bp upstream of the transcription start site. Luciferase expression by the 1303-bp promoter, however, was approximately half that by the 415-bp promoter, indicating the presence of negative sequences between 415 and 1303 bp upstream of the transcription start site ( Figure 1 ). Luciferase expression from all ACE promoter constructs was on average 50 times higher than the promoterless pGL2 vector, but 50 times less than luciferase expression driven by the SV40 promoter ( Figure 1, inset) . Thus, deletion analyses of the 5' regulatory region of the ACE gene suggested the presence of positive regulators between 122 and 415 bp and negative regulators between 415 and 1303 bp.
To find promoter regions associated with the response to cAMP induction we transfected REC cells with 122-, 228-, 415-, and 1303-bp ACE promoter fragments, as well as with positive (CRETK) and negative (TK) controls for activation of the CRE pathway. Induction of ACE promoter expression by 8BrcAMP was sequence-dependent. Stimulation of the 122-bp construct produced minimal increases in luciferase expression, similar to those of TK, the negative control. Induction of luciferase expression by 8BrcAMP increased substantially by the 228-bp promoter, but was not further increased by the 415-bp promoter. In contrast, the 1303-bp promoter displayed levels of luciferase induction by 8BrcAMP twice as high as those of the 228-bp promoter and of the same order of magnitude as those from CRETK, the positive control. Thus, deletion analysis of cAMP responsiveness suggested the presence of proximal CREs between 122 and 228 bp as well as additional distal CREs between 415 and 1303 ( Figure 2A ).
To establish whether putative distal CREs between 415 and 1303 bp operate autonomously or only in association with the proximal CREs located between 122 and 228 bp, we subcloned ACE promoter fragments 228 to 415, 228 to 845, 228 to 1120, and 228 to 1281 bp upstream from the heterologous TK promoter. Consistent with the above deletion analysis, addition of nucleotides 228 to 415 did not affect the cAMP responsiveness of the TK promoter. Remarkably, addition of nucleotides 228 to 845 doubled the induction of the TK promoter by 8BrcAMP. However, further addition of nucleotides did not change cAMP responsiveness of hybrid ACE-TK promoters, indicating that distal sequences containing functional CREs must lie between 415 and 845 bp ( Figure 2B ). Thus, deletion analyses of distal ACE promoter regions in the context of the heterologous TK promoter indicated that there are CREs acting in an autonomous fashion between 415 and 845 bp.
pCRE and dCRE are CRE-like sequences of the 1303-bp ACE promoter
Inspection of the 1303-bp ACE promoter revealed the presence of two CRE-like sequences representing 2 bp substitutions from the canonical CRE, TGACGTCA. One proximal CRE-like sequence, TAACCTCA, (pCRE) was found between 209 and 222 bp upstream from the transcription initiation. Another distal CRE-like sequence, TGAGG TGACTTGA, (dCRE) represented 2 tandem overlapping repeats located between 801 and 819 bp upstream from the transcription initiation ( Figure 3) . Alignment of rat, mouse, rabbit, and human ACE 5' regulatory regions indicated that only dCRE is evolutionarily conserved in these three species.
As established by functional analysis, the position of pCRE is consistent with the location of a positive regulator of basal expression and with a functional CRE mediating induction by 8BrcAMP. Likewise, the position of dCRE is consistent with the location of a negative regulator of basal transcription as well as a functional CRE mediating 8BrcAMP responsiveness.
Gel retardation analysis of pCRE and dCRE
To test the ability of pCRE and dCRE sequences to bind CRE-binding proteins we performed gel retardation assays. Figure 4 shows that REC nuclear extracts contain protein complexes that bind pCRE and dCRE ( Figure 4A and B, respectively). Binding of these ACE CREs can be displaced by the Mapping of elements that regulate the basal expression of the angiotensin converting enzyme (ACE) promoter in an endothelial cell line (REC). The wild type 1303-bp ACE promoter, three deletion mutants (415, 228 and 122 bp) and controls for high (SV40) or low expression (pGL2) were transfected in REC to identify ACE promoter sequences with a role in basal expression. Cells were harvested 24 h after transfection. Luciferase activity in cell extracts was normalized for beta galactosidase expression from a control plasmid. Promoter activity is the ratio of luciferase/beta galactoside expression and is reported as percent of the activity of the 1303-bp ACE promoter. Data are reported as the mean ± SEM for 4 independent experiments (N = 4 in each). Data for the reporter plasmids pGL2 and SV40 (inset) were obtained in the same experiments, but displayed separately to accommodate large variations in scale. *P < 0.05 compared to 1303 bp, **P < 0.0001 compared to 1303 bp, # P < 0.05 compared to 228 bp, + P < 0.05 compared to 122 bp (one-way analysis of variance and post hoc Tukey test).
addition of excess unlabeled canonical CRE, indicating that pCRE and dCRE bind to CREbinding proteins in a reversible and competitive manner ( Figure 4A,B) . Interestingly, the protein complexes that bind to dCRE and pCRE (data for pCRE are not shown) appear to represent a subset of those binding the canonical CRE. ACE CRE-like motifs bind protein complexes with much lower affinity than the canonical CRE ( Figure 4C ), which is consistent with both dCRE and pCRE being 2 bp substitutions from the canonical CRE.
Functional assessment of pCRE and dCRE in basal and cAMP-induced regulation of the ACE promoter
To test the function of pCRE and dCRE in basal and cAMP-stimulated transcription, Figure 4 . Gel retardation analysis of the cAMP-responsive elements pCRE and dCRE. Nuclear extracts of an endothelial cell line (REC) were combined with 32 P-labelled duplex oligonucleotides containing sequences of ACE CRE-like elements. Binding to the labeled oligonucleotide was reduced with addition of a 50-fold excess of an unlabeled duplex oligonucleotide containing the canonical CRE sequence. A, Nuclear extracts of REC produce two dCRE-retarded bands whose intensity is reduced by addition of a 50-fold excess of an unlabeled canonical CRE probe. B, Nuclear extracts of REC produce two pCRE-retarded bands that are also reduced by addition of a 50-fold molar excess of the unlabeled canonical CRE probe. C, Triplicate binding reactions for canonical CRE (canCRE) and dCRE suggest that dCRE binds with lower affinity to two out of three protein complexes binding the canonical CRE. NE = nuclear extract; Cold = 50 x unlabeled canonical CRE nucleotide. Black arrowheads indicate protein complexes (bands) binding to the labeled oligonucleotide. White arrowheads indicate bands whose intensities are reduced by excess of cold oligonucleotides (A and B).
pCRE and dCRE were replaced with one Bgl-II site and two Bgl-II sites, respectively. As indicated in Figure 5A , mutation of pCRE reduced ACE promoter activity by 33% (P < 0.01), indicating that pCRE is a positive cis element controlling basal transcription in REC. Mutation of the two tandem and overlapping CREs within dCRE increased basal ACE promoter activity by 38% (P < 0.05), indicating that dCRE is a negative basal cis element in REC. Simultaneous mutation of pCRE and dCRE increased ACE promoter activity by 43% (P < 0.01), indicating that the combined effect of both ACE CREs is to repress basal transcription in REC.
To test whether pCRE and dCRE are also important for ACE promoter regulation outside the context of endothelial cells we transfected the mutated constructs described above in 293 cells. In contrast to REC, mutation in either pCRE or dCRE greatly increased promoter activity, indicating that both sequences exert a negative role in the 293 context. As expected, simultaneous mutation of pCRE and dCRE further increased promoter activity in 293 ( Figure 5B ).
Since mapping of functional cAMP-responsive units in the ACE promoter was consistent with the position of both pCRE and dCRE, we tested whether individual or combined mutations in these motifs would affect cAMP responsiveness of the 1303-bp ACE promoter. Surprisingly, neither pCRE, dCRE, or double pCRE/dCRE mutants affected the cAMP responsiveness of the ACE promoter in REC or in 293 ( Figure 5C,D) . This indicates that the 1303-bp ACE promoter can respond effectively to cAMP even in the absence of CRE-like sequences that regulate its basal expression.
Trans regulation of the somatic ACE promoter by ATF-2 and its heterodimerization partner c-Jun
The presence of CRE-like sequences of the ACE promoter (Figure 4) suggested that the ACE gene is a target for regulation by signaling pathways distinct from the classic cAMP pathway, such as those involving the stress-activated JNK or P38 kinases (22) . To establish whether the ACE promoter is regulated by such pathways in endothelial cells we transfected the 1303-bp ACE promoter along with expression vectors for ATF-2 and for its heterodimerization partner, c-Jun. Cotransfection with ATF-2 reduced luciferase expression from the 1303 ACE promoter by 30%. Further decreases in luciferase expression were obtained when ATF-2 was co- Mutational analysis of dCRE and pCRE indicated that both motifs are dispensable for cAMP induction of the 1303-bp ACE promoter ( Figure 5C,D) . These results suggest that ACE promoter activation by cAMP is either due to extremely divergent CRElike sequences, or alternatively to the potential AP2 sites present in the 1303-bp promoter (Figure 3) . In Figure 7 we compared the relative efficiency of the AP2 and CRE pathways in the transduction of the cAMP signal. In REC, 8BrcAMP efficiently induced CRETK, the positive control for the CRE pathway, but failed to affect luciferase expression by AP2LUC, the positive control for the AP2 pathway. Co-transfection of an AP2 expression vector demonstrated that the AP2LUC construct is fully functional. Therefore, our data for REC suggest that induction of cAMP signaling does not lead to activation of the AP2 pathways.
Discussion
In the present study we used a transient transfection strategy in REC and 293 cells to assess the role of CRE-like motifs of the rat somatic ACE promoter in basal as well as in cAMP-stimulated transcription. Major findings include 1) description of a distal CRE (dCRE), conserved between rats, mice and humans, as a negative basal cis element in REC and 293; 2) description of a non-conserved proximal CRE (pCRE) as a positive basal cis element in REC and as a negative basal cis element in 293; 3) characterization of ATF-2 as a potential regulator of ACE gene expression; 4) mapping of cAMP responsiveness to two independent domains within the 1303-bp ACE promoter; 5) assessment of the relative roles of CRE versus AP2 pathways in the response to cAMP in REC.
Functional analysis of the 1303-bp ACE promoter identified two regions containing regulators of basal and cAMP-induced expression: a proximal one between 122 and 288 bp and a distal one between 415 and 1303 bp. Screening for CRE-like sequences in these regions revealed pCRE, between 209 and 222 bp and dCRE, between 801 and Luciferase activity in cell extracts was normalized for beta galactosidase expression from a control plasmid. Promoter activity is the ratio of luciferase/beta galactoside expression and is reported as percent of the activity of the 1303-bp ACE promoter. Data are reported as the mean ± SEM for 3 independent experiments (N = 6). *P < 0.05 compared to 1303 bp, **P < 0.01 compared to 1303 bp (one-way analysis of variance and post hoc Tukey test). Figure 5C suggests that pCRE and dCRE bind two out of three protein complexes binding to the canonical CRE in REC nuclear extracts, albeit at lower affinity. More importantly, binding to pCRE and dCRE can be displaced by competition with cold oligonucleotides containing the canonical CRE. Thus, pCRE and dCRE share many properties with the canonical CRE and therefore must be classified as CRE-like sequences.
We established the roles of pCRE and dCRE in basal transcription by mutation analysis. As shown in Figure 5A , mutation of pCRE reduces basal activity by about half, suggesting that it may participate in the increase in luciferase expression observed from the 122-to the 228-bp promoter construct. Conversely, mutation of dCRE produces a small but significant increase in basal activity. As such, dCRE probably contributes to the inhibition of basal expression observed from the 415-to the 1303-bp promoter construct. Combined mutation of pCRE and dCRE produced a net increase in basal activity. This indicates that pCRE and dCRE must interact to produce a net inhibitory regulation different from the simple addition of their individual effects in REC.
The 1303-bp rat ACE promoter responds to the activation of CRE and AP2 signaling pathways. However, in REC, 8BrcAMP induces the CRE, but not the AP2 reporter. This is in contrast to other systems where CRE and AP2 motifs transduce the cAMP signal either separately or in concert (13) . As such, the resistance of the AP2 reporter to stimulation by cAMP is inconsistent with a major role of AP2 signaling in the REC response to cAMP. Moreover, all ACE AP2 sites, located between 228 and 415 bp as well as between 845 and 1120 bp (Figure 3) , fell outside the two domains of cAMP responsiveness that we mapped (Figure 2) . Thus, our data suggest that, in REC, the bulk of ACE promoter activation in response to cAMP is due to CRE mechanisms. It remains to be established whether the refractoriness of the AP2 pathway to cAMP stimulation in REC is shared by most endothelial cell types, or if it is a peculiar feature of the REC line.
Because individual or combined mutation of pCRE and dCRE did not affect induction by 8BrcAMP, the CREs mediating activation of the ACE promoter by cAMP remains unaccounted for. Due to the pronounced divergence of the remaining candidates from the CRE consensus it is likely that identification of these putative elements will require the use of linker-scanning strategies (23) .
The arrangement of CRE-like sequences in the ACE promoter is compatible with those of numerous promoters that display multiple CRE-like motifs scattered in their sequences. CRE-like motifs in these promoters are usually multimers or single elements closely associated with other motifs and located in separated domains (24, 25) . Among those CRElike sequences, some have effects on basal or on cAMP-stimulated transcription or on both. These CRE-like motifs play either positive or negative roles in basal transcription (26, 27) and display redundant roles in the response to cAMP (24, 28) . In the present study we have shown that dCRE, a motif conserved between rats, mice and humans, is a negative cis regulator of ACE gene basal expression. This finding is consistent with work showing that conserved non-canonical CREs are regulators of basal transcription in the promoters of cystic fibrosis transmembrane conductance genes from 8 mammalian species (29) as well as in the promoter for the testicular ACE isozyme (30, 31) .
In the present study we used rabbit endothelial and human renal cell lines to study the rat ACE promoter. This approach can be criticized on the grounds that promoter regulation can be species-specific. However, mechanisms of gene regulation have been extensively modeled in heterologous contexts and ACE regulation by cAMP, in particular, is a conserved feature among mammals (for a review, see Ref. 10) . REC is a cell line that maintains stable endothelial features such as uptake of 1,19-dioctadecyl-3',3',3',3'-tetramethylindocarbocyanine perchlorate-labeled acetylated LDL and ACE gene expression (10) . Thus, REC compares favorably with primary cultures of endothelial cells, which display limited growth characteristics, do not sustain expression of endothelial markers and are refractory to transfection in mammals (10) .
The advantages and disadvantages of the heterologous approach are represented in our study. As shown in Figure 5 , dCRE, which is conserved between rats, mice and men, is an inhibitory element in both rabbit and human cell lines, suggesting that this is its role in the native setting. In contrast, pCRE has a positive role in rabbits and a negative role in a human cell line, a finding which is consistent with the lack of evolutionary conservation in this motif between the aforementioned species. While the actual role of pCRE in its native setting cannot be established by our experiments, we believe nonetheless that the differences in the regulatory potential of pCRE can be easily accounted for by quantitative and qualitative cell-specific differences in transcription factor content. This scenario is typical of the evolution of cis regulatory sequences, when one or more redundant units can diverge without risking basic promoter functions (32) .
What is then the relevance of pCRE and dCRE for ACE regulation in vivo? In experiments that will not be documented here we generated transgenic mice for the wild type 1303-bp ACE promoter as well as for the double mutant mdCRE/pCRE. While the wild type 1303-bp promoter was not enough to drive reporter expression in kidneys, lungs and ovaries, the double mutant induced strong expression in all of these organs (Anéas I, unpublished results). These results, taken together with our demonstration that pCRE and dCRE interact to repress basal transcription from the ACE promoter in endothelial and renal cell types, suggest that both CRElike sequences are important targets for tissue-specific regulation of the ACE gene.
Our data for REC and 293 cells suggest that the 1303-bp ACE promoter has a potential for negative regulation by CRE-like sequences that could bind transcription factors such as ATF-2, which conveys signaling inputs from pathways other the cAMP pathway (22) . To test whether ATF-2 negatively regulates the ACE promoter in endothelial cells we co-transfected ATF-2 and c-Jun expression vectors with the 1303-bp ACE promoter and showed that, indeed, ATF-2 alone, or in combination with c-Jun, negatively regulates ACE promoter activity. Our description of ACE promoter regulation by ATF-2 indicates a potential pathway of somatic ACE gene regulation in endothelial cells. ATF-2/c-Jun heterodimers are phosphorylated by p38 stress kinases activated by UV radiation, bacterial DNA, hyperosmolar stress, and oxidative stress (22) . A great deal of information has been accumulated implicating stress-activated kinases, ATF-2 and c-Jun in the response to myocardial ischemia-reperfusion as well as in ischemic preconditioning. As such, our data suggest that negative regulation of ACE gene expression in the endothelium may be part of the mechanisms that protect the myocardium after a bout of ischemia-reperfusion. This raises the interesting possibility that ACE inhibitors are favorable in chronic myocardial ischemia because they mimic an endogenous genetic program of myocardial protection triggered in endothelial or in other cell types by ischemia-reperfusion. In summary, the link between ACE regulation, ATF-2/c-Jun and stress-activated kinases opens several interesting possibilities to be explored in cardiovascular (6) as well as in chronic inflammatory diseases (7) in which ACE plays a role.
